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The inﬂuence of a further developed inlake restoration method on the P-immobilisation and microbial activities,
especially under anoxic conditions was investigated. The impact of nitrate and iron dosing with a newly developed
nitrate storage compound (DepoxsFe) was tested in enclosures in the eutrophic dimictic Lake Dagowsee, Germany.
Additions of 50 gm2 of NO3
–N and 66 gm2 of Fe3+ ensured availability of nitrate at the sediment surface during a
2-months period.
As a result the phosphate release from the anoxic sediments was completely suppressed even 1 year after the
application. The hypolimnetic deoxygenation was unaffected by the DepoxsFe addition. However, sulfur reduction
and methanogenesis were inhibited and the phosphatase activity increased.
r 2005 Elsevier GmbH. All rights reserved.
Keywords: Nitrate storage; Phosphorus; Iron; Sediment; Lake restoration; PhosphataseIntroduction
The recycling of phosphorus in lakes from the bottom
sediment into the water column is affected by numerous
factors, such as pH, redox state and microbial activities
(Bostro¨m, Andersen, Fleischer, & Jansson, 1988; Burley,
Prepas, & Chambers, 2001). In deep and stratiﬁed
eutrophied lakes, P-release from anaerobic sediments
often made up the major fraction of the total P-load. An
external load reduction may therefore be insufﬁcient.
Lake restoration methods have been developed which
cover the sediment surface, disrupt the internal nutriente front matter r 2005 Elsevier GmbH. All rights reserved.
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ess: gerlinde@igb-berlin.de (G. Wauer).loading and hasten lake recovery (Cooke, Welch,
Peterson, & Newroth, 1993).
Lake restoration methods, which are obliged to
disrupt P-release from sediment, aim at improving the
sediment P retention capacity. This is possible either by
adding P-binding substances, such as Al3+, Fe3+ or
Ca2+, or by inﬂuencing the sediment ambience through
aeration or addition of NO3
 (Cooke et al., 1993; Foy,
1986; Holz & Hoagland, 1999; Kleeberg, Nixdorf, &
Mathes, 2000; Prepas et al., 2001; Søndergaard,
Jeppesen, & Jensen, 2000).
Ripl (1976) developed a restoration technique which
combines both strategies: A solution of Ca(NO3)2 is injected into the sediment.
By oxidizing the organic matter through increased
denitriﬁcation (Ripl & Lindmark, 1978), the Fe3+
reduction would be inhibited and the binding of
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2
reduction is prevented, thus decreasing the precipita-
tion of iron with sulfur. Additionally, the P-binding partner Fe3+ is added to
form FeOOH. In some cases lime is added to raise the
pH to an optimum level and encourage microbial
denitriﬁcation.
However, with this method the nitrate availability on
the sediment surface is short due to its high water
solubility and repeated treatments during one stratiﬁca-
tion period are necessary. Hence, a depot substance,
DepoxsFe, has been developed which is able to
transport the NO3
 into the sediment and to provide
the NO3
 over a longer period (Panning, Kretschmer, &
Hillbrecht, 2001).
The study demonstrates the new chemical composi-
tion and its NO3
 desorption behaviour. Results from its
application in an enclosure experiment are presented
and discussed with the intention to explain the interac-
tions between P-release and microbial activities on the
sediment water interface of a eutrophied lake.Materials and methods
DepoxsFe—a nitrate storage compound
The composition DepoxsFe is produced by adding
of Ca(OH)2 suspended in H2O to a solution of
Fe(NO3)3  9H2O in H2O in the presence of H2O2 into
a three-dimensional, macromolecular, colloid matrix of
(FeOOH)n (Panning et al., 2001). The synthesis starts at
pH 2, when the surface of hydrous ferric oxide is
protonated, and ends at pH 8, which is the point of zero
charge for FeOOH. So it is possible, to adsorb
negatively charged nitrate ions on the inner and outer
surface of the matrix during synthesis (Dzombak &
Morel, 1990). This provides a suspension containing
NO3
, Fe3+ and Ca2+ in a ratio per weight of 1:1.3:0.7.
In laboratory experiments the nitrate desorption from
the DepoxsFe-matrix was measured by adding different
amounts of the DepoxsFe-suspension to deionated
H2O resp. tap water and following the increase of nitrate
concentration over time.
Study site
DepoxsFe suspension was tested in an enclosure
experiment in 2002 in a eutrophic dimictic lake, called
Dagowsee. Dagowsee is situated on the southern border
of the Mecklenburg Lake District in the Lake Stechlin
area, ca. 100 km north of Berlin. The area of Dagowsee
is 0.3 km2, the maximum depth 9.5m and the mean
depth 5m (Casper, 1985).Four enclosures were installed in the lake (Dittrich,
Dittrich, Sieber, & Koschel, 1997). Each of the
enclosures had a diameter of 10m, a depth of 8.5m
and was open to the sediment. Two of the enclosures
served as controls, two were treated with the De-
poxsFe-suspension in a dosis of 50 gm2 NO3
–N. Due
to suspensions sensitivity to mechanical stress, it was
gravity-fed onto the enclosures’ epilimnion surface
through a pipe. The DepoxsFe was added to the
enclosures on 21 June 2002 after the summer thermal
stratiﬁcation had commenced.Sampling procedures
Samples were taken monthly during the stratiﬁcation
period in 2002, additional sampling was done at the
beginning of stratiﬁcation in 2003, i.e., 1 year after NO3

application.
Three sediment cores (5 cm diameter) were taken per
enclosure and sampling date using a Uwitecr gravity
corer. These cores were cut into 2 cm sections. The
interstitial water of each section was obtained by
centrifugation (5min; 13,000g; 4 1C) of the sediment,
ﬁltration (cellulose-nitrate, 0.45 mm pore size) followed.Chemical and microbiological sediment analyses
The NO3
 concentration was determined by the Cd
reduction method and SRP with SnCl2 method on a
ﬂow injection analyser (FIA Foss Tecator). TP was
measured as SRP after digestion with K2S2O8 (0.5 h,
134 1C). The amount of TP in the sediment was obtained
by digestion of ignited (550 1C, 2 h) sediment in the same
way.
The P-release from the sediment was calculated from
the concentration gradients of SRP between sediment
surface and overlying water (2 cm) according to the
modiﬁed Fick’s ﬁrst law of diffusion (Sinke, Cornelese,
Keizer, van Tongeren, & Cappenberg, 1990; Gonsior-
czyk, Casper, & Koschel, 1997):
J ¼ FDi dc=dx, (1)
in which J is the diffusive ﬂux (mgm2 d1); F the
porosity (calculated from the composition of dry
sediment); Di the diffusion coefﬁcient (m
2 d1) inter-
polated from data of Li & Gregory (1974) for the
respective temperatures above the sediments; dc/dx the
linear gradient between the concentrations in the 0–2 cm
layer of the sediments and in the overlaying water
(mgm3, dx ¼ 0:01m).
Fe2+ and Fe3+ were determined with the phenan-
throlin method according to the German Standard
Method DIN 380406 E1 (Deutsche Einheitsverfahren
zur Wasser-, Abwasser- und Schlammuntersuchung,
1991).
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2 and NH4
+ concentrations were determined by
ion chromatography (Dionex, DX-100, conductivity
detector) and CH4 concentration by gaschromatography
(Shimadzu, GC-14A, ﬂame ionisation detector).
Dry weight was measured by drying sediment at
105 1C for 24 h. Organic matter and CaCO3 were
determined as loss on ignition at 550 1C and 900 1C,
respectively.
The fractional composition of TP in the sediment was
studied with the fractionation scheme according to
Psenner, Pucsko, & Sager (1984) and modiﬁed by
Hupfer, Ga¨chter, & Giovanoli (1995). This sequential
extraction scheme divides the TP into pools as shown in
Table 1. The amount of P in each fraction is determined
as TP described above. In the NaOH-extract two phases
are separated: NaOH-SRP is analysed as SRP in the
extract and NaOH-NRP means the difference between
TP and SRP in the extract. By deﬁnition, the difference
between TP and the sum of the extracted pools is the
residual P (Pres), consisting mainly of organic-bound P.
Extracellular phosphatase activity in the sediment was
assayed by hydrolysis of the artiﬁcial substrate 4-
methylumbelliferyl phosphate disodium salt (MUF-P)
and detection of the increase over time of the reaction
product 4-methylumbelliferone (MUF), which shows
ﬂuorescence at 450 nm (excitation: 365 nm) (Hoppe,
1993). The liberation of MUF by sediment phosphatases
was examined over a time of 15min by supplying
sediment suspensions initially with 50, 200, 500 and
750 mmol MUF-P (four replicate sediment suspensions
in each concentration per sample), resulting in char-
acteristic saturation shapes. To estimate the amount of
phosphatases in the samples, the potential maximum
activity was determined and the Km-value, the substrate
concentration at which the reaction proceeds at half of
its maximum speed, was calculated, giving the tendency
for phosphatases to combine with and hydrolyse
substrates.Fig. 1. Relative concentrations of NO3
 in water, desorbed
from added DepoxsFe suspension in laboratory experiments.
The plot was ﬁtted from experimental data assuming a
behaviour of c ¼ 100 ð100 c0Þet=t1 ; where c0 ¼ 4% and
t1 ¼ 11d:Statistics
Statistical analyses were performed with SPSSs for
WindowsTM (Release 9.0). After check of normalityTable 1. Sequential phosphorus fractionation, modiﬁed after Hup
Mark Extractant/time Expecte
NH4Cl-TP 1M NH4Cl/0.5 h Pore-wa
BD-TP 0.11M Na2S2O4/NaHCO3/0.5 h (40 1C) Redox-
NaOH-SRP 1M NaOH/16 h Inorgan
NaOH-NRP Organic
HCl-TP 0.5M HCl/16 h Ca- and
Pres Organic(Kolmogorov-Smirnov Test) the signiﬁcance of a
difference in means was tested with Student’s t-test.
All error bars represented in diagrams express the
distance between the two values from treated enclosures
and the two values from controls, respectively.Results
The NO3
 desorption out of the DepoxsFe-suspen-
sion in laboratory experiments followed an exponential
saturation shape (Fig. 1). At the beginning about 90%
of the added NO3
 was bound within the (FeOOH)n-
matrix. Three weeks later the NO3
 was completely
dissolved. In the enclosure experiment the NO3

concentrations in treated enclosures decreased with lake
depth but increased at the sediment surface (Fig. 2). The
NO3
 availability on the sediments surface was pro-
longed through the addition of DepoxsFe for at least
2 months (Table 2).
The concentrations of SRP in interstitial waters and
at the sediment water interface, which usually increasedfer et al. (1995)
d P binding form
ter P, loosely adsorbed to surfaces
sensitive P, mainly bound to Fe and Mn compounds
ic P bound to metal oxides (Al, Fe), changeable against OH
-bound P
Mg-bound P (carbonates, apatite)
and other refractory P
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Table 2. Concentrations of NO3
 and SRP close to sediment
surface (5 cm overlying water) of the enclosures
Month
after
addition of
DepoxsFe
NO3
 [mgL1] SRP [mgL1]
DepoxsFe Control DepoxsFe Control
Start 1717131 2767132
1 241071244 153756 112724 4397127
2 93971016 5973 22711 567754
3 n.d. n.d. 1678 7067230
12 n.d. n.d. 1257167 863763
n.d. ¼ not determined.
Variations represent the differences between parallel enclosures.
Fig. 3. Flux of SRP out of the sediment in the enclosures
before and after treatment with DepoxsFe.
Fig. 2. NO3
 concentrations in different depths of water resp.
sediment in Dagowsee enclosures 1 month after the addition of
DepoxsFe.
Fig. 4. Oxygen saturation in treated (DepoxsFe 1 and 2) and
untreated (Controls 1 and 2) enclosures 1 month after the
application.
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ment (Table 2). The P release after the treatment,
calculated from ﬂuxes of SRP on sediment water
interface, was nearly zero (Fig. 3).
The oxygen saturation in different water depths
differed between the enclosures, but was not inﬂuenced
by the DepoxsFe addition. The sediment surface
remained anoxic in all enclosures, as shown in Fig. 4,
1 month after treatment.
Table 3 demonstrates, that the concentrations of
NH4
+, SO4
2 and CH4 on the sediment surface did not
differ between treated and untreated enclosures.
Addition of DepoxsFe led to elevated Fe2+ and
Fe3+ concentrations (Fig. 5).
The fractional composition of TP in the sediment
changed after the treatment (Fig. 6). BD-TP and NaOH-
SRP increased in sediment of treated enclosures,
whereas the untreated did not change in comparison
to start samples. But the differences in means were not
signiﬁcant (p ¼ 0:051 for BD-TP and p ¼ 0:03 for
NaOH-SRP). The P bound to carbonates (HCl-TP)and the loosely adsorbed, immediately available P
(NH4Cl-TP), decreased signiﬁcantly after treatment
with DepoxsFe.
The characteristic saturation curves of phosphatase
activity differed signiﬁcantly between treated and
untreated enclosures (Fig. 7). As shown in Fig. 8, the
maximal potential phosphatase activity was higher after
addition of the DepoxsFe, whereas the KM-values were
reduced.Discussion
Laboratory experiments demonstrated, that the
NO3
 diffusion out of DepoxsFe followed a curve,
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Table 3. Concentrations of NH4
+, SO4
2 and CH4 close to sediment surface (5 cm overlying water) of the enclosures
Month after addition of
DepoxsFe
NH4
+ [mgL1] SO4
2 [mgL1] CH4
+ [mmolL1]
DepoxsFe Control DepoxsFe Control DepoxsFe Control
Start 41710 4171 113712 168722
1 471 571 4173 4772 11447736 7107131
2 471 371 2974 4372 815 8597319
3 670 470 2176 3877 1601794 18677686
12 575 470 4778 5972 6707730 5507373
Variations represent the differences between parallel enclosures.
Fig. 5. Concentrations of Fe2+ and Fe3+ in the pore water of
the uppermost 2 cm sediment layer in enclosures.
Fig. 6. Distribution of different P-binding forms in the
uppermost 2 cm sediment layer at the starting point (all
enclosures) and 3 month after treatment for treated and
control enclosures.
Fig. 7. Saturation curves of phosphatase activity in the
enclosure sediments two month after treatment with De-
poxsFe.
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NO3
 is consumed by denitrifying bacteria. This seems to
be the reason for decreasing hypolimnetic concentra-
tions of NO3
 between 6 and 8m (Fig. 2). The high
concentrations of NO3
 at the sediment water interface
(Fig. 2) indicate that the DepoxsFe matrix reached the
sediment surface. The high epilimnic NO3
 concentra-tions in treated enclosures did show, that only about
35% of the applied NO3
 arrived at the sediment surface.
Evidently the DepoxsFe matrix was destroyed partly
due to the applications’ mechanical stress. This caused
the reduction in NO3
 storage capacity.
With regard to P release the measure was successful.
Even 1 year after the NO3
 application, the P release in
the treated enclosures was suppressed (Fig. 3).
Within the sediments there is a sequence of micro-
bially mediated redox processes from the most electro-
positive to the most electronegative O2/H2O4NO3
/N24
MnO2/Mn
2+4Fe(OH)3/Fe
2+4SO4
2/HS4CO2/CH4
(Sigg, 2000). More energy is available when a more
electropositive electron acceptor is used. Hence, it
follows that after addition of nitrate, the nitrate should
be used as electron acceptor before the more electro-
negative acceptor iron.
In conclusion, the oxygen demand was unaffected by
the nitrate application (Fig. 4).
NH4
+, SO4
2 as well as CH4 concentrations were
measured as indicators of microbial anaerobic respira-
tion processes. Ripl (1976) and Foy (1986) described a
complete denitriﬁcation after NO3
 addition, whereas
Søndergaard et al. (2000) investigated an increased
ammoniﬁcation following the addition of NO3
. In this
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Fig. 8. Kinetic parameters potential maximum activity Vmax
(top) and Michaelis constant KM (bottom) for extracellular
phosphatase activity in the uppermost 2 cm sediment layer
from enclosures.
G. Wauer et al. / Limnologica 35 (2005) 102–108 107study investigated NH4
+ concentrations were unaf-
fected. In preliminary laboratory tests, the SO4
2
reduction was inhibited after application of DepoxsFe
(Wauer, Gonsiorczyk, Casper, Kretschmer, & Koschel,
2005). But in the enclosures study SO4
2 and also CH4
concentrations in the sediment water interface did not
change signiﬁcantly between treated enclosures and
controls. There are only seasonal changes. It is very
likely, that due to the 10-fold increase in sedimentation
in the treated enclosures an activation of microbial
processes took place. Moreover, microbial metabolism
is generally activated due to the higher redox level, so
that all respiration processes will be forced.
Fe3+ was added in excess. Assuming that after its
application, Fe3+ will stay in the uppermost 4 cm of
sediment, the Fe3+ concentration should amount to
1.7 gL1 of wet sediment. Measured values were an
order of magnitude lower (Fig. 5). It seems that a steady
state was reached by about 5mgL1 Fe3+ without any
iron reduction occurring.
The added Fe3+ was used as a P-binding-partner
(Fig. 6). The decrease in temporary, this means
immediately available P, in treated enclosures explains
the suppression of P release in these enclosures.
Enzymatic phosphorus transformation in the sedi-
ment is one mechanism by which organic phosphorusmay be recycled to lake water (Jansson, Olsson, &
Petterson, 1988). In practice, the potential phosphatase
activity has often been used as an indicator of phosphate
deﬁciency (Marxsen & Schmidt, 1993). The increase in
phosphatase activity in the treated enclosures, accom-
panied by a decrease in interstitial phosphorus concen-
tration, conﬁrmed the proposed function as indicator of
deﬁciency. The tendency of low KM-values in treated
enclosures showed the higher substrate afﬁnities of the
enzyme than in untreated enclosures. This ﬁnding is in
agreement with the measured SRP concentrations,
which were lower in the treated enclosures.Conclusion
The treatment of the enclosures with DepoxsFe
ensured nitrate availability at the sediment surface at
least 8 weeks and was highly effective in reducing
phosphate release from sediment surface even 1 year
after treatment. The addition of DepoxsFe-suspension
directly into the hypolimnion is recommended, to avoid
reduction in nitrate storage capacity due to the
mechanical stress during the application.
Microbial metabolism in the sediment is activated due
to the prolonged nitrate availability at the sediment
surface and the increased sedimentation of organic
substrates. Therefore increased phosphate mobilization
is to be expected. As iron acts as strong P binding
partner under these conditions it is necessary to add iron
in excess for the suppression of P mobilization.Acknowledgements
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